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A B S T R A C T
Road verges provide habitats that have considerable potential as a tool for pollinator conservation, especially
given the significant area of land that they collectively cover. Growing societal interest in managing road verges
for pollinators suggests an immediate need for evidence-based management guidance.
We used a formal, global literature review to assess evidence for the benefits of road verges for pollinators (as
habitats and corridors), the potential negative impacts of roads on pollinators (vehicle-pollinator collisions,
pollution, barriers to movement) and how to enhance road verges for pollinators through management.
We identified, reviewed and synthesised 140 relevant studies. Overall, the literature review demonstrated
that: (i) road verges are often hotspots of flowers and pollinators (well established), (ii) traffic and road pollution
can cause mortality and other negative impacts on pollinators (well established), but available evidence suggests
that the benefits of road verges to pollinators far outweigh the costs (established but incomplete), and (iii) road
verges can be enhanced for pollinators through strategic management (well established). Future research should
address the lack of holistic and large-scale understanding of the net effects of road verges on pollinators.
We provide management recommendations for enhancing both individual road verges for pollinators (e.g.
optimised mowing regimes) and entire road networks (e.g. prioritising enhancement of verges with the greatest
capacity to benefit pollinators), and highlight three of the most strongly supported recommendations: (i)
creating high quality habitats on new and existing road verges, (ii) reducing mowing frequency to 0–2 cuts/year
and (iii) reducing impacts of street lighting.
1. Introduction
Animal pollinators are essential for the production of many crops
(Klein et al., 2007) and for the reproduction of many wild plants
(Ollerton et al., 2011), yet declines of some pollinator species have been
recorded in several regions worldwide (Potts et al., 2016). A central
cause of declines is the loss and degradation of suitable habitats due to
urban and agricultural expansion and intensification (Potts et al.,
2016). Pollinators require habitats for feeding (e.g. nectar and pollen,
larval hostplants), reproduction, nesting and overwintering. Adequate
provision of suitable habitats is therefore crucial to pollinator con-
servation.
Roads are a ubiquitous feature of human civilisation that extend 36
million km across the world (Central Intelligence Agency, 2017). Whilst
they cause a wide range of negative ecological impacts (Forman et al.,
2003; Muñoz et al., 2015), the habitats alongside roads, henceforth
“road verges”, can support many species (Gardiner et al., 2018). Road
verges are vegetated strips, generally consisting of grassland, shrub-
land, woodland or forest, which often form distinctly managed borders
that separate roads from adjacent land. They may serve a number of
practical purposes, for example accommodating road infrastructure,
improving visibility for road users and providing refuge for pedestrians,
but can simultaneously be managed to benefit wildlife (Gardiner et al.,
2018). Given the extent of the road network, road verges cover very
large areas of land: an estimated 2400 km2 (1% of land) in Great Britain
(Plantlife, 2013), 50,000 km2 (0.5% of land) in the USA (Forman et al.,
2003) and 270,000 km2 globally (Phillips et al., 2020). As such, verges
provide a significant opportunity to benefit wildlife, especially polli-
nators because many such taxa are highly mobile and so able to use
small, isolated habitat patches across landscapes.
https://doi.org/10.1016/j.biocon.2020.108687
Received 31 January 2020; Received in revised form 22 May 2020; Accepted 22 June 2020
⁎ Corresponding author.
E-mail address: B.B.Phillips@exeter.ac.uk (B.B. Phillips).
Biological Conservation 250 (2020) 108687
Available online 13 July 2020
0006-3207/ © 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).
T
In light of concerns about pollinator declines, there is growing so-
cietal interest in managing road verges for pollinators. In the UK, a
campaign by the charity Plantlife is proposing road verge management
guidelines that benefit plants, pollinators and other wildlife (developed
in partnership with highways agencies, highways managers and con-
servation organisations), which have been adopted by regional gov-
ernments in a number of areas (Plantlife, 2020). Several other UK or-
ganisations have projects involving managing road verges for
pollinators, including Highways England (Highways England, 2019),
Butterfly Conservation (Butterfly Conservation, 2020) and Buglife
(Buglife, 2020). There are similar projects in other countries, including
in the USA by the Monarch Joint Venture to support the monarch
butterfly Danaus plexippus (Monarch Joint Venture, 2020) and by the
Xerces Society to support pollinators generally (Xerces Society, 2020).
In light of growing societal interest in managing road verges for
pollinators, practitioners have an immediate need for an evidence
synthesis to inform guidelines. Whilst existing reviews have considered
the use and management of road verges for nature conservation in
general (Gardiner et al., 2018; Jakobsson et al., 2018; Villemey et al.,
2018), they identify relatively few studies on pollinators and highlight
that many of the related issues are taxon specific. Similarly, the recent
IPBES pollinator assessment identified the potential of road verges as
habitats and corridors for pollinators, but provides only a brief over-
view, highlights uncertainty about possible negative impacts of traffic
and pollution and provides little advice on how to manage them ef-
fectively (IPBES, 2019). This review provides a detailed consideration
of each of the issues around using road verges for the conservation of
pollinators - a specific focal group that is of major scientific and societal
interest. Specifically, the benefits that road verges provide to pollina-
tors must be weighed against the potential negative impacts of roads:
road verges may provide beneficial habitats for feeding, reproduction,
nesting and overwintering that are scarce in the surrounding landscape,
and act as corridors or navigational features; but the pollinators drawn
to road verges may be negatively affected by pollution, vehicle-polli-
nator collisions and poor management, possibly resulting in net harm to
these species at the landscape scale (i.e. ecological traps; Hale and
Swearer, 2016). In most cases, road verges are already present along-
side existing roads and will be constructed along new roads regardless,
but they could be enhanced to benefit pollinators. In this study, we used
a formal, comprehensive literature review of global scope to address the
following questions (Fig. 1):
Q1) What pollinator communities and associated resources are found in
road verges, and how do they compare to those in other habitats in
the surrounding landscape?
Q2) How do roads and road verges affect pollinator movement and
dispersal?
Q3) How much do vehicle-pollinator collisions affect pollinators?
Q4) How much does road pollution affect pollinators?
Q5) How does road verge management affect pollinators?
Q6) How do road verge, road and landscape characteristics affect
pollinators in road verges?
In each case, we consider impacts on pollinator individuals, popu-
lations and communities.
2. Materials & methods
We carried out a search using Web of Science Core Collection da-
tabases (in English language only) for scientific publications addressing
the outlined research questions (Fig. 1) – relating to both pollinators
and road verges, or to impacts of roads on pollinators. Following much
of the literature and conservation strategy documents, we use the term
‘pollinators’ for all flower visitors that are likely to have the potential to
transfer pollen. We aimed for a formal, representative and compre-
hensive review, and so used detailed search criteria, which were refined
by testing against a set of fifteen papers known to be relevant (Appendix
A). All studies up to 1st November 2019 were considered. The search
criteria resulted in 629 studies. Studies were split between two re-
viewers, who assessed them (using the title and abstract, or full text
where necessary) against the inclusion criteria in Appendix A. Relevant
studies were recorded in a spreadsheet, allocated to the relevant re-
search question from Fig. 1 and relevant information was extracted. To
ensure consistency in studies that were considered to be relevant, the
first reviewer verified the relevance of each of the second reviewer's
allocated studies. Verification did not result in any excluded studies
being included, though several included studies were excluded. Ex-
tracted information was used to write a narrative synthesis of the
combined results.
We used meta-analysis to assess how the density and species rich-
ness of flowers and pollinators in road verges compared to in other
habitats (Q1). For each study that compared flower or pollinator den-
sity or species richness, we extracted the mean, standard deviation and
sample size from the text, tables, graphs (using WebPlotDigitizer 4.2;
Rohatgi, 2015), appendices, or raw data provided by the authors. Stu-
dies were split into individual cases of a single habitat comparison for a
single pollinator taxon, i.e. each study could provide many individual
cases. When data were provided for multiple time points (e.g. multiple
surveys across the same year, presented separately), we used the
comparisons from the middle time point. Where comparisons were
provided for multiple taxonomic levels of pollinators, we used the
lowest taxonomic level provided (excluding species, which would have
resulted in two studies on Lepidoptera providing the majority of cases).
When the mean and standard deviation were not provided, we calcu-
lated the standard deviation from the standard error or confidence in-
tervals, or estimated the mean and standard deviation from the median
and quartiles using the method of Wan et al. (2014). Of 41 studies in-
itially identified, 14 provided sufficient information (details in Appen-
dices A–B). Meta-analyses were conducted in R 3.6.1 (R Core Team,
2019) using the ‘metafor’ package (Viechtbauer, 2010). We used
Hedge's d standardised mean difference as a measure of the effect size
and compared the mean effect size for each pollinator taxa and habitat
comparison. Studies were weighted by the inverse of the variance. We
tested the significance of the main effects using mixed models with
restricted maximum-likelihood estimator, with taxa and habitat com-
parison as moderator effects, and study cases nested within studies as a
random effect. It was not possible to use meta-analysis to address the
other research questions due to a lack of studies providing similar
comparisons or quantitative outcomes.
3. Results & discussion
We identified 140 relevant studies (Appendix A). All but one study
had been published since 1990 and 61% had been published since
2015, demonstrating that this is a rapidly growing research area.
Studies covered a diverse range of road types; of studies that provided
information, most included at least 10 road verges and focused on
paved roads (including large, busy, high-speed roads, quiet rural roads
in agricultural landscapes, urban roads and forest roads – often a
mixture of these), though at least 15 studies focused on (or included)
unpaved roads (Appendix A). However, studies were limited in terms of
(i) geographic location, (ii) pollinator taxa and (iii) methodology.
Geographically, most studies were from Europe (72 studies, 51%) and
North America (45 studies, 32%). Taxonomically, only 11 studies
considered entire pollinator communities, whilst 46 studies (33%) fo-
cused on a single species (including 15 studies on monarch butterflies
Danaus plexippus and 13 studies on honeybees Apis mellifera) and 49
studies (35%) focused on a single pollinator order. Overall, 64 studies
(52%) focused on Lepidoptera and 32 studies (26%) on Hymenoptera,
whilst only 6 studies focused on other pollinator taxa such as Diptera or
Coleoptera (Appendix A). Methodologically, most studies were purely
observational (104 studies, 74%), whilst 27 studies (19%) were
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experimental, 2 used modelling and 7 were reviews. These limitations
mirror those of other systematic reviews (e.g. Villemey et al., 2018),
and may introduce bias into the conclusions drawn and limit gen-
eralisability because: (i) Road verges might be relatively more im-
portant for pollinators in Europe and North America where there is less
remaining natural and semi-natural habitat, (ii) The behaviours and
responses of hymenopteran and lepidopteran pollinators are not ne-
cessarily representative of other pollinator taxa, and (iii) The low
number of experimental studies makes it difficult to disentangle drivers
of effects of roads, road verges and their management on pollinators.
Studies were also apparently dominated by those of grassland road
verges, with few considering other common verge habitats (e.g.
shrubland) or habitats that are important for pollinator lifecycles but
which may be lacking on road verges (e.g. areas of wetland as larval
habitats for dipteran pollinators and areas of bare ground as nesting
habitats for hymenopteran pollinators). Future studies should focus on
other continents, consider entire pollinator communities and non-
grassland road verge habitats, and where possible carry out experi-
mental studies. Nevertheless, we found at least 17 relevant studies
addressing each research question. We take the research questions in
turn. Then we provide an overall assessment, an agenda for future re-
search and management recommendations. Additional information and
interpretation of the reviewed studies are provided in Appendix A.
3.1. Q1) What pollinator communities and associated resources are found
in road verges, and how do they compare to those in other habitats in the
surrounding landscape?
Many studies provide information about the pollinator communities
and associated resources that are found in road verges (Appendix A), so
we provide a summary and some key examples. Road verges are often
important early or mid-successional habitats providing feeding and
reproductive opportunities for pollinators including diverse floral re-
sources (e.g. Halbritter et al., 2015; Noordijk et al., 2009; Phillips et al.,
2019) and larval hostplants (e.g. Munguira and Thomas, 1992;
Valtonen et al., 2006b). Notably, road verges in North America are an
important source of milkweeds (Asclepias spp.) – the larval hostplant of
monarch butterflies (e.g. Daniels et al., 2018; Kasten et al., 2016).
Unsurprisingly then, road verges can contain diverse pollinator com-
munities (Hopwood, 2008; Munguira and Thomas, 1992; Phillips et al.,
2019; Valtonen et al., 2006b), including rare species. For example,
Heneberg et al. (2017) recorded 32 threatened (including four critically
endangered) bee and wasp species from 14 verges along a single
highway in the Czech Republic, and Helldin et al. (2015) found that
road verges in Sweden contained >20% of observations for 13 red-
listed pollinator species (5 bee, 6 moth and 2 butterfly species) despite
only covering 1.5% of land. Beyond feeding, there is evidence that road
verges are used by hymenopteran pollinators for nesting (Heneberg
et al., 2017; Hopwood, 2008; Oleksa et al., 2013; Wuellner, 1999), by
lepidopteran pollinators for reproduction (e.g. Goodwin et al., 2017;
Munguira and Thomas, 1992) and by various pollinator taxa for over-
wintering (both as adults and as immature stages, further evidencing
reproduction in road verges; Schaffers et al., 2012), though these as-
pects of pollinator lifecycles have been far less studied.
3.1.1. How do road verges compare to other nearby habitats?
We found 41 studies comparing pollinators and their associated
resources in road verges to other habitats (Appendix A), including 14
Fig. 1. The research questions about the positive and negative aspects of roads and road verges for pollinators, which are addressed in this review.
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studies comparing the density or species richness of flowers or polli-
nators (Appendix B). Most studies refer to measures of abundance, but
in fact measure density, namely counts per total area of a transect
survey, so we use the term density throughout for clarity.
Overall, meta-analysis revealed that the density and species richness
of flowers and pollinators in road verges are generally similar or greater
than in other habitats in the surrounding landscape (Fig. 2). However,
patterns differ depending on the habitat comparison: flower and polli-
nator density and species richness are greater in road verges than in
agricultural fields or forests and woodlands, and similar to those in
other semi-natural habitats (Fig. 2), but the species richness of flowers
and pollinators is lower in road verges than in semi-natural grasslands
(Fig. 2b). Studies in UK agricultural landscapes find that pollinator
communities in road verges are similar to in other semi-natural habitats
and far richer than in agricultural fields (Hanley and Wilkins, 2015;
Osgathorpe et al., 2012; Phillips et al., 2019), with the most extensive
study finding generally at least 3–4 times greater densities and 1.5
times greater species richness of bumblebees, butterflies and hoverflies
than in field interiors and most semi-natural habitats (Cole et al., 2017).
Hall et al. (2019) found more mixed results for wild bees in an
agricultural landscape in Australia, compared to open farmland and
other linear semi-natural habitats. Studies in forested landscapes in
Canada and Sweden suggest that road verges provide important open
habitats; allowing light infiltration that results in a more favourable
microclimate for pollinators and their hostplants (Hanula et al., 2016),
resulting in greater density and species richness of butterflies (Berg
et al., 2011; Riva et al., 2018) and bumblebees (Hill and Bartomeus,
2016). The role of road verges in providing favourable microclimates
and conditions (e.g. south-facing slopes) in non-forested landscapes has
been little studied. Furthermore, just a single study has compared
flowers and pollinators in urban road verges to other urban habitats:
Baldock et al. (2019) found that urban road verges in three UK cities
supported similar densities and species richness of flowers, bees, ho-
verflies and other flies to most other urban habitats and land-use types,
though generally much lower than in gardens and allotments. Beyond
feeding, only five studies (limited to monarch butterflies) have com-
pared the availability and use of resources for other aspects of polli-
nator lifecycles in road verges to other habitats. They show that road
verges have similar or greater densities of milkweeds (larval hostplants)
compared to arable fields and restored prairie, but lower densities than
remnant prairie (Hartzler and Buhler, 2000; Kaul and Wilsey, 2019)
and an average of roughly 25–50% fewer monarch eggs and larvae per
milkweed plant than in various non-roadsite habitats (Kasten et al.,
2016; Pitman et al., 2018). Future research should compare pollinator
nesting, reproduction and overwintering in road verges to in other
habitats.
3.2. Q2) How do roads and road verges affect pollinator movement and
dispersal?
Roads might be a partial or complete barrier to movement for pol-
linators, though might also act as navigational aids, and road verges
might act as parallel corridors along which pollinators move and dis-
perse, so improving habitat connectivity at a landscape scale. We found
23 relevant studies, with 15 focusing on butterflies.
3.2.1. Do pollinators cross roads?
Roads might present a barrier to pollinator movement if pollinators
are not physically able to cross, or if they are deterred from doing so by
some aspect of the road. This will largely depend on pollinator flight
range and flight height, which are affected by taxon and whether the
pollinator is foraging, dispersing or migrating. Roads are unlikely to be
a barrier to larger-scale movements by pollinators (e.g. migration),
which are generally direct, cover large distances, are at altitudes of up
to hundreds of metres, and use environmental cues that are unlikely to
be affected by roads (Chapman et al., 2011). For example, bumblebees
Bombus spp. can fly distances of several kilometres (Greenleaf et al.,
2007), and migrating monarch butterflies readily cross roads, mostly at
heights of >6 m (Mora Alvarez et al., 2019). However, most studies
that we found focus on local-scale movement of pollinators, where
pollinators with shorter flight ranges might be physically unable to
cross roads, or otherwise where pollinators are more likely to be de-
terred from crossing roads because they are responding to local cues
(e.g. from floral resources or the road).
Evidence from four mark-recapture studies shows that butterflies
are able to cross roads, but that sedentary species are less likely to do so
than expected by chance. This was found to be the case for three busy
main roads (Munguira and Thomas, 1992; Remon et al., 2018) and si-
milarly for a relatively quiet road (approximately 1500 vehicles/day;
Polic et al., 2014), though Valtonen and Saarinen (2005) found that a
third fewer butterflies crossed a main highway than nearby smaller
roads. Similarly, three studies on bees and wasps provide preliminary
evidence that roads are a partial barrier to movement, especially for
smaller species, which typically have shorter flight ranges (Greenleaf
et al., 2007). First, a mark-recapture study in Boston, USA found that
bumblebees displaced to a foraging site on the opposite side of a road
Fig. 2. The mean effect sizes (Hedge's d; mean ± 95% confidence intervals) for
studies comparing the (a) density and (b) species richness of flowers and pol-
linators in road verges to those in agricultural fields, semi-natural grasslands,
forests/woodlands, and other semi-natural habitats (e.g. hedges). Studies
(n= 14) were identified from the literature review (Appendix A) and were split
into individual cases (n = 300) of a single habitat comparison for a single
pollinator taxon, i.e. each study could provide many individual cases (cases per
study: median = 5, range = 1–88). Mean effect sizes are only presented for
groups where there was more than one study. Numbers in round brackets are
the number of study cases and the number of studies for each category. The full
list of studies, cases and effect sizes are provided in Appendix B.
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(4-lane, 14 m wide) soon crossed the road to return to their original
site, but rarely crossed the road naturally (without artificial displace-
ment) due to high foraging site fidelity (Bhattacharya et al., 2003).
Second, studies of bees and wasps near Stockholm, Sweden found a
significantly different community composition between the two sides of
a large highway (90,000 vehicles/day) despite similar vegetation,
especially for smaller species (Andersson et al., 2017), and that the
density and species richness at 23 urban locations were best explained
using cost-weighted distance based on landscape friction, with large
roads, other paved ground and built-up land acting as barriers
(Johansson et al., 2018). Similarly, studies along small, often unpaved
rural roads reaffirm that they are a minor barrier to movement for
butterflies (Ries et al., 2001; Ries and Debinski, 2001; Severns, 2008),
but two studies suggest they can be a major barrier for smaller species.
First, a study on the hoverfly Melanostoma fasciatum found that dis-
persal was equally reduced by different types of bare ground (a road,
dirt track or ploughed field) (Lövei et al., 1998). Second, mark-re-
capture of a rare, specialised solitary bee Andrena hattorfiana found that
unpaved roads were a barrier, even when <10 m wide (Franzén et al.,
2009). Overall, evidence suggests that roads are a relatively minor
barrier to local-scale movement for larger and more mobile species such
as butterflies and bumblebees, but can be a major barrier for some
smaller and less mobile pollinator taxa.
3.2.2. Are roads and their verges used by pollinators as corridors for
movement and dispersal?
Road verges that provide the habitat requirements for pollinator
species may facilitate their movement and dispersal across landscapes.
We found six relevant studies, with five on Lepidoptera. Brunzel et al.
(2004) found that the probability of colonization by the moth Tyria
jacobaea was greater when the site was linked to the nearest population
by a road, probably due to provision of their larval hostplant in road
verges. Similarly, a study modelling monarch butterfly movement and
egg-laying suggested that they preferentially moved along road verges
due to high hostplant density (Grant et al., 2018). Gene flow of Maniola
jurtina butterflies was positively related to the proportion of road,
perhaps because road verges were facilitating dispersal (Villemey et al.,
2016). A mark-recapture study of a rare butterfly Phengaris nausithous
found lower dispersal rates in road verges than in meadows (Jansen
et al., 2012). A study of four butterfly species observed almost twice as
many individuals moving along experimental grass strips (simulating
road verges) compared to a control (22% versus 12%), but only the two
habitat specialist species moved along the grass strips more than ex-
pected by chance, and only when the strips provided food or shelter
(Söderström and Hedblom, 2007). Finally, radar tracking revealed that
honeybees used gravel roads (and other linear features) for navigation
(Menzel et al., 2019). Overall, evidence suggests that road verges can be
used as corridors and roads as navigational aids by some larger polli-
nator taxa, but research is too limited in scope to draw general con-
clusions.
3.3. Q3) How much do vehicle-pollinator collisions affect pollinators?
Pollinators that attempt to cross roads at low heights may be killed
by collision with vehicles. Few studies provide information on road
crossing height, though Mora Alvarez et al. (2019) observed that most
migrating monarch butterflies crossed highways at heights of >6 m,
whilst other butterfly species have been observed exhibiting resource-
searching behaviour along roads (zig-zagging low to the ground)
(Severns, 2008; Skórka et al., 2013), which puts them at high risk of
being hit by road traffic. Most studies estimate mortality from vehicle-
pollinator collisions using counts of dead insects along roads, which are
likely to underestimate (e.g. sampling is unlikely to find all individuals,
especially those that become attached to vehicles, disintegrate, are
eaten by scavengers, or are ricocheted or washed off the road) and may
be subject to bias (e.g. detectability varies with road and verge surface
and with the size of insect) (Munguira and Thomas, 1992; Skórka,
2016). Five studies broadly assess insect or animal roadkill, and include
information on pollinator taxa, whilst 12 studies focus on butterflies
(Table 1).
Overall, studies show that many pollinators are killed by collisions
with vehicles across a wide range of road types and traffic volumes
(Table 1). Average roadkill rates range from 0.45 to 10.1 roadkills/km/
day for Lepidoptera along diverse paved road types (Baxter-Gilbert
et al., 2015; Keilsohn et al., 2018; Rao and Girish, 2007; Skórka et al.,
2015) and 21.31 to 26.8 roadkills/km/day for Hymenoptera, but have
only been measured along paved highways (Baxter-Gilbert et al., 2015;
Keilsohn et al., 2018) (Table 1). However, the impact of roadkill at the
population level is unclear. Relative (rather than absolute) roadkills, i.e.
roadkills as a proportion of pollinators observed in the road verge,
provides a better measure of the net impact of road verges on pollina-
tors. Estimates of relative roadkill range from 0.6 to 7% of butterflies in
road verges (Table 1) – which is an order of magnitude lower than the
proportion of butterflies killed by predators and parasitoids, so prob-
ably having little impact on butterfly populations (Munguira and
Thomas, 1992), but no estimates exist for other pollinator taxa. Ulti-
mately, impacts of roadkill on pollinator populations are difficult to
assess in the field, but could be estimated using population modelling.
Pollinator roadkill is often concentrated in spatial or temporal
hotspots. For example, Skórka et al. (2015) found that 49% of butterfly
roadkill was concentrated in hotspots that covered just 4% of total road
length, and Baxter-Gilbert et al. (2015) recorded a bloom of bibionid
flies in May (spring) of one study year, which resulted in 100 times
more roadkill (1463 dipteran roadkills/km/day). Keilsohn et al. (2018)
found that average insect roadkill was three to four times greater for
roads adjacent to meadows and lawns than wooded areas, and more
than double when there was a median strip (central vegetated strip
separating the opposing lanes of traffic) (Table 1). Studies on the
monarch butterfly also show that roadkill is concentrated in hotspots
(Tracy et al., 2019), for example >200,000 monarchs were killed each
year at two paved, rural highways (14,330/8862 vehicles/day) in
Mexico that are known monarch roadkill hotspots due to their im-
portance as migratory crossing locations (Mora Alvarez et al., 2019)
(Table 1). Along the entire migratory route, monarch roadkill can be
considerable – killing an estimated 2.1 million monarchs – equivalent to
3% of the overwintering population (Kantola et al., 2019). Overall,
studies on butterflies have found that butterfly roadkill is greater for
more mobile taxa and increases with traffic volumes and road width
(Halbritter et al., 2015; Munguira and Thomas, 1992; Skórka et al.,
2013, 2015) (Table 1).
3.4. Q4) How much does road pollution affect pollinators?
Pollinators in road verges are exposed to diverse forms of pollution
from roads and road traffic, including light, noise, exhaust fumes and
heavy metals. The risk of road pollution to pollinators depends both on
their exposure and on the hazard that field-realistic levels pose. Whilst
pollinators that feed in road verges might be exposed to road pollution
for short durations, pollinators using road verges for nesting, as larval
stages or that have low mobility, will be exposed over much longer
durations. We found 28 studies that assess the exposure of pollinators
and/or the associated hazard for specific forms of road pollution: light,
noise, turbulence, exhaust fumes and metals (Table 2). Specifically,
studies show that streetlights attract nocturnal pollinators from mul-
tiple taxa (Coleoptera, Diptera, Hymenoptera and Lepidoptera), di-
minish nearby moth communities and inhibit moth predator evasion
behaviour (Table 2). Research for other forms of pollution is limited:
noise and turbulence have been addressed in only one study each,
heavy metal studies have only reported observed concentrations (ex-
posure) but not the impact on pollinators (hazard), and four studies of
air pollution show that vehicle exhaust fumes can degrade floral odours
and subsequent detection and learning by honeybees but have not
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considered other pollinator taxa. Additionally, experimental studies
have only assessed these forms of road pollution individually, most
studies are limited to a single pollinator species and are often performed
under laboratory conditions (Table 2), and several other forms of road
pollution remain completely unstudied (e.g. vibration, particulate
matter and nitrogen enrichment from vehicle emissions) (Table 2).
At a population and community level, road pollution might: (i) deter
pollinators from road verges, especially highly mobile species and (ii)
deplete local pollinator populations, especially less mobile species, due
to direct (impacting pollinators) or indirect (e.g. impacting flowers)
lethal or sublethal effects. Some observational studies have reported
fewer pollinators closer to roads (Corcos et al., 2019; Phillips et al.,
2019) and along roads with greater traffic densities (Martin et al., 2018;
Phillips et al., 2019), where pollution is likely to be greater. Five studies
on butterflies (Flick et al., 2012; Munguira and Thomas, 1992; Skórka
et al., 2013, 2018; Valtonen et al., 2006b) and one on bees (Hopwood,
2008) found no such trends (Flick et al., 2012; Hopwood, 2008;
Munguira and Thomas, 1992; Skórka et al., 2013, 2018) though most
studies only measure and assess traffic volume as a covariate. Specifi-
cally, Martin et al. (2018) recorded an average of 23.5% fewer insects
along medium-traffic (367 ± 224 SD vehicles/h) compared to low-
traffic (41 ± 19 SD vehicles/h) roads. Phillips et al. (2019) recorded an
average of 61% fewer pollinators along high-traffic roads (1200–1400
vehicles/h) compared to low-traffic roads (0–200 vehicles/h) and
(compared to 10 m from the road edge) 70% fewer pollinators 1 m from
the road and 59% fewer pollinators 5 m from the road edge. Corcos
et al. (2019) observed that tachinid fly density and species richness
decreased with road proximity in urban areas. The potential drivers of
these patterns are difficult to disentangle and could be due to pollina-
tors being repelled by pollution, pollinator population being depleted
by pollution, or confounding factors such as pollinator populations
being depleted by vehicle-pollinator collisions or resource quality being
lower closer to roads. Studies on honeybees have also found that hives
closer to roads contained bees with greater wing shape asymmetry,
perhaps due to air pollution because CO2 levels have been shown to
affect wing asymmetry in a bumblebee species (Leonard et al., 2018),
and that hives in a polluted area next to a busy trunk road had hon-
eybees with activity of body surface enzymes that are important for
combating disease and infection, whilst hives in a control area did not
(Strachecka et al., 2012). Further research is needed to determine the
singular and combined impacts of different forms of road pollution on
pollinators, using field-realistic conditions and pollution levels.
3.5. Q5) How does road verge management affect pollinators?
In the first instance, road verge management can benefit pollinators
by creating high-quality habitats in new verges and restoring and
maintaining high-quality habitats in existing verges. Second, road verge
management (e.g. mowing regime) can affect the capacity of road verge
habitats to support pollinators. Whilst studies about grassland man-
agement were beyond the scope of the review, they are likely to be
broadly relevant to road verge management, so we also signpost to
some key studies.
3.5.1. Habitat creation and restoration
Studies about road verge habitat creation and restoration are lim-
ited in number, but studies in Iowa and Kansas, USA show that prairie-
vegetation road verges are much better than weedy (dominated by non-
native vegetation) road verges for bees (2 times greater density and 1.5
times greater species richness of bees, despite little difference in floral
density) (Hopwood, 2008) and better than weedy or grassy (low forb
cover) verges for habitat-sensitive butterflies (5 times greater density, 2
times greater species richness) (Ries et al., 2001). Similarly, Valtonen
et al. (2006a) found that road verges in Finland dominated by an in-
vasive plant Lupinus polyphyllus had significantly fewer butterflies. More
generally, a recent systematic review by Villemey et al. (2018)Ta
bl
e1
(co
nti
nu
ed
)
Po
llin
ato
rt
ax
a
Stu
dy
Lo
ca
tio
n
Nu
mb
er
of
ro
ad
s
Ro
ad
typ
e(s
)
Po
llin
ato
rr
oa
dk
ill
me
as
ur
e
Po
llin
ato
rr
oa
dk
ill
inf
or
ma
tio
n
Bu
tte
rfl
ies
-D
an
au
s
ple
xip
pu
s
Ka
nt
ola
et
al.
(2
01
9)
US
A
16
.1
km
of
ro
ad
s
Mi
xe
d
Ab
so
lut
er
oa
dk
ill
(ro
ad
sid
e
co
un
ts)
Av
era
ge
ro
ad
kil
lo
f0
.34
mo
na
rch
s/k
m/
su
rv
ey
,b
ut
up
to
6.6
mo
na
rch
s/k
m/
su
rv
ey
in
on
ea
rea
,r
esu
lti
ng
in
an
est
im
ate
d2
.1
±
0.5
SD
mi
llio
nr
oa
d-k
ille
dm
on
arc
hs
ac
ro
ss
th
eC
en
tra
lF
un
ne
lm
igr
ato
ry
ro
ut
e,
wh
ich
is
ab
ou
t3
%
of
th
eo
ve
rw
int
eri
ng
po
pu
lat
ion
.
Mo
ra
Al
va
rez
et
al.
(2
01
9)
Me
xic
o
2
Pa
ve
dr
ur
al
hig
hw
ay
s(
2-/
4-
lan
e,
14
,33
0/
88
62
ve
hic
les
/d
ay
)
Ab
so
lut
er
oa
dk
ill
(ro
ad
sid
e
co
un
ts)
Es
tim
ate
dt
ha
ta
tle
as
t2
00
,00
0m
on
arc
hs
we
re
kil
led
ea
ch
ye
ar
at
th
e
tw
os
tu
dy
hig
hw
ay
si
nM
ex
ico
,w
hic
h
are
im
po
rta
nt
cro
ssi
ng
loc
ati
on
sd
ur
ing
au
tu
mn
mi
gr
ati
on
.
Tr
ac
ye
ta
l.(
20
19
)
No
rth
Am
eri
ca
Co
nt
ine
nt
-sc
ale
mo
de
llin
g
Mi
xe
d
Ab
so
lut
er
oa
dk
ill
(ro
ad
sid
e
co
un
ts)
,M
od
ell
ing
Ro
ad
kil
lo
f5
.2–
57
.5
mo
na
rch
s/k
m/
su
rv
ey
.
Bu
tte
rfl
ies
-I
ca
ric
ia
ica
rio
ide
sf
en
de
ri
Se
ve
rn
s(
20
08
)
US
A
1
Pa
ve
d,
ru
ral
ro
ad
(2
-la
ne
,3
0–
60
ve
hic
les
/d
ay
)
Ab
so
lut
er
oa
dk
ill,
rel
ati
ve
ro
ad
kil
l(
ro
ad
sid
ec
ou
nt
s,
vis
ua
l
ob
ser
va
tio
n)
No
ve
hic
le-
bu
tte
rfl
yc
oll
isi
on
so
rr
oa
dk
ills
we
re
ob
ser
ve
d,
th
ou
gh
ve
hic
les
we
re
rar
ely
pr
ese
nt
wh
en
bu
tte
rfl
ies
we
re
cro
ssi
ng
th
er
oa
d,
an
db
ut
ter
fli
es
mo
ve
do
ut
of
th
er
oa
di
nr
esp
on
se
to
ap
pr
oa
ch
ing
ca
rs
(m
ov
ing
rel
ati
ve
ly
slo
wl
ya
t4
0k
m/
h)
.
Bu
tte
rfl
ies
-S
pe
ye
ria
zer
en
eh
ipp
oly
ta
Zie
lin
et
al.
(2
01
6)
US
A
1
Ru
ral
hig
hw
ay
(2
10
0v
eh
icl
es/
da
y)
Ab
so
lut
er
oa
dk
ill,
rel
ati
ve
ro
ad
kil
l(
vis
ua
lo
bs
erv
ati
on
)
On
eo
bs
erv
ed
ve
hic
le-
bu
tte
rfl
yc
oll
isi
on
an
dn
ine
po
ten
tia
lc
oll
isi
on
s
(1
–1
0.5
%
of
ro
ad
cro
ssi
ng
s).
B.B. Phillips, et al. Biological Conservation 250 (2020) 108687
7
Ta
bl
e2
Stu
die
sa
sse
ssi
ng
ho
w
ro
ad
po
llu
tio
n
aff
ec
ts
po
llin
ato
rs,
fro
m
th
el
ite
rat
ur
er
ev
iew
(A
pp
en
dix
A)
,i
nc
lud
ing
wh
eth
er
th
ey
as
ses
sed
th
eh
az
ard
or
ex
po
su
re
(w
hic
h
co
lle
cti
ve
ly
de
ter
mi
ne
th
er
isk
)o
fr
oa
d
po
llu
tio
n
to
po
llin
ato
rs.
Ro
ad
po
llu
tio
n
Po
llin
ato
rt
ax
a
Im
pa
ct
on
po
llin
ato
rs
As
ses
sed
ha
za
rd
or
ex
po
su
re?
Re
fer
en
ce
Lig
ht
Al
l
Ar
tifi
cia
lli
gh
ta
tn
igh
t(
e.g
.s
tre
et
lig
ht
ing
)h
as
va
rio
us
ne
ga
tiv
ee
ffe
cts
on
ins
ec
t(
inc
lud
ing
po
llin
ato
r)
be
ha
vio
ur
an
d
co
mm
un
iti
es.
Ha
za
rd
,E
xp
os
ur
e
Gr
ub
isi
ce
ta
l.
(2
01
8)
(re
vie
w)
Str
ee
tl
igh
tin
ga
ttr
ac
ts
ins
ec
ts
(in
clu
din
gp
oll
ina
tor
s)
fro
m
div
ers
et
ax
a(
e.g
.C
ole
op
ter
a,
Di
pte
ra,
Hy
me
no
pte
ra
an
d
Le
pid
op
ter
a).
Ha
za
rd
,E
xp
os
ur
e
Ho
lzh
au
er
et
al.
(2
01
5)
an
d
ref
ere
nc
es
be
low
Th
et
yp
eo
fs
tre
et
lig
ht
ing
aff
ec
ts
th
ei
mp
ac
ts
on
po
llin
ato
rs,
an
dr
esp
on
ses
ca
nd
iff
er
be
tw
ee
n
po
llin
ato
rt
ax
a:
Ha
za
rd
,E
xp
os
ur
e
•O
na
ve
rag
eL
ED
sc
ap
tu
red
48
%
mo
re
ins
ec
ts
th
an
hig
h-p
res
su
re
so
diu
m
lig
ht
s.
Th
ere
wa
sn
oe
vid
en
ce
th
at
th
ec
olo
ur
tem
pe
rat
ur
eo
fw
hit
eL
ED
sa
ffe
cte
d
ca
ptu
re
of
ins
ec
ts.
Pa
ws
on
an
dB
ad
er
(2
01
4)
•T
he
nu
mb
er
of
ins
ec
ts
ca
ug
ht
de
pe
nd
ed
on
th
el
igh
ts
ou
rce
.M
erc
ur
yv
ap
ou
rl
igh
ts
ca
ptu
red
sig
nifi
ca
nt
ly
mo
re
ins
ec
ts
th
an
th
efi
ve
oth
er
lig
ht
ing
typ
es,
wh
ils
tL
ED
lig
ht
sc
ap
tu
red
sig
nifi
ca
nt
ly
les
si
ns
ec
ts
th
an
th
efi
ve
oth
er
lig
ht
ing
typ
es.
Th
er
esp
on
se
to
diff
ere
nt
lig
ht
ing
typ
ed
iff
ere
db
etw
ee
nt
ax
a.
va
nG
ru
ns
ve
ne
ta
l.
(2
01
4)
•M
or
et
ha
nfi
ve
tim
es
as
ma
ny
ins
ec
ts
we
re
att
rac
ted
to
wh
ite
me
tal
ha
lid
es
tre
etl
igh
ts
th
an
to
wh
ite
LE
D
or
or
an
ge
hig
h-p
res
su
re
so
diu
m
str
ee
tli
gh
ts.
W
ak
efi
eld
et
al.
(2
01
8)
•M
erc
ur
yv
ap
ou
rs
tre
etl
igh
ts
att
rac
ted
ap
pr
ox
im
ate
ly
tw
ice
as
ma
ny
be
etl
es
co
mp
are
dt
oh
igh
-pr
ess
ur
es
od
ium
str
ee
tli
gh
ts.
Hi
gh
-pr
ess
ur
es
od
ium
str
ee
tli
gh
ts
wi
th
aU
V
fil
ter
att
ac
he
dc
ap
tu
red
su
bs
tan
tia
lly
few
er
be
etl
es.
de
Me
de
iro
se
ta
l.
(2
01
7)
•F
or
hig
h-p
res
su
re
so
diu
m
lig
ht
s,
sh
or
ter
wa
ve
len
gth
lig
ht
s(
wh
ite
)a
ttr
ac
ted
sig
nifi
ca
nt
ly
mo
re
mo
th
sa
nd
sp
ec
ies
of
mo
th
st
ha
n
lon
ge
rw
av
ele
ng
th
lig
ht
s(
ye
llo
w)
.S
ho
rte
rw
av
ele
ng
th
lig
ht
sa
ttr
ac
ted
sig
nifi
ca
nt
ly
mo
re
No
ctu
ida
e
mo
th
s,
wh
ere
as
bo
th
wa
ve
len
gth
sw
ere
eq
ua
lly
att
rac
tiv
et
oG
eo
me
tri
da
em
oth
s.
So
me
rs-
Ye
ate
se
ta
l.
(2
01
3)
Mo
th
s
Str
ee
tl
igh
tin
gh
as
be
en
fou
nd
to
aff
ec
tv
ari
ou
sa
sp
ec
ts
of
mo
th
be
ha
vio
ur
an
dm
oth
co
mm
un
iti
es:
Ha
za
rd
,E
xp
os
ur
e
•L
ep
ido
pte
ra
bio
ma
ss
in
lig
ht
tra
ps
wa
sg
rea
ter
at
for
est
ed
ge
sw
ith
str
ee
tli
gh
tin
gt
ha
nd
ark
for
est
ed
ge
so
ri
nt
eri
or
s,
bu
tt
he
nu
mb
er
of
ind
ivi
du
als
did
no
td
iff
er,
su
gg
est
ing
th
at
lar
ge
rL
ep
ido
pte
ra
we
re
do
mi
na
nt
in
lit
are
as
.
Ha
dd
oc
ke
ta
l.
(2
01
9)
•O
na
ve
rag
e,
sit
es
lit
by
str
ee
tli
gh
tin
gh
ad
50
%
low
er
de
ns
ity
at
gr
ou
nd
lev
el,
>
25
%
low
er
sp
ec
ies
ric
hn
ess
,a
nd
70
%
gr
ea
ter
fli
gh
ta
cti
vit
y.
Ma
cg
reg
or
et
al.
(2
01
7)
•S
tre
et
lig
ht
ing
red
uc
ed
mo
th
ev
as
ive
be
ha
vio
ur
,p
ut
tin
gt
he
m
at
gr
ea
ter
ris
ko
fp
red
ati
on
.
Ac
ha
ry
aa
nd
Br
oc
kF
en
ton
(1
99
9)
•L
ess
th
an
ha
lf
as
ma
ny
mo
th
sp
erf
or
me
de
va
siv
em
an
oe
uv
res
in
res
po
ns
et
ob
at
ca
lls
un
de
ra
nL
ED
lig
ht
th
an
in
th
e
da
rk
.
W
ak
efi
eld
et
al.
(2
01
5)
•A
rra
ng
em
en
to
fs
tre
et
lig
ht
ing
in
an
arr
ay
rev
ea
led
th
at
str
ee
tl
igh
tin
gl
im
ite
dm
oth
dis
pe
rsa
lb
ec
au
se
mo
th
sw
ere
mu
ch
les
so
fte
n
ca
ug
ht
at
str
ee
tli
gh
ts
in
th
em
idd
le
or
ed
ge
so
ft
he
arr
ay
,t
ha
na
ts
tre
etl
igh
ts
at
th
ec
or
ne
rs
of
th
e
arr
ay
.
De
ge
n
et
al.
(2
01
6)
•P
lan
ts
of
al
ep
ido
pte
ran
lar
va
lh
os
tpl
an
tw
ere
tou
gh
er
un
de
rs
tre
etl
igh
ts
th
an
co
nt
ro
ls
ite
s,
wh
ich
(co
mb
ine
dw
ith
th
e
dir
ec
te
ffe
ct
of
str
ee
tl
igh
te
xp
os
ur
e)
res
ult
ed
in
low
er
lar
va
lb
od
ym
as
s,
th
ou
gh
did
no
ta
ffe
ct
su
rv
iva
l.
Gr
en
is
an
dM
ur
ph
y(
20
19
)
No
ise
Bu
tte
rfl
ies
Da
na
us
ple
xip
pu
s
Mo
na
rch
bu
tte
rfl
yl
arv
ae
th
at
we
re
ex
po
sed
to
rec
or
de
dt
raffi
cn
ois
e(
12
,00
0v
eh
icl
es/
da
y)
in
lab
or
ato
ry
co
nd
iti
on
s
ha
d1
6–
17
%
inc
rea
sed
he
art
rat
ea
fte
r2
he
xp
os
ur
e,
bu
tl
on
g-t
erm
ex
po
su
re
(7
or
12
da
ys
)r
esu
lte
di
nh
ab
itu
ati
on
or
de
sen
sit
isa
tio
n,
wh
ich
ma
yr
ed
uc
es
ur
viv
al
by
im
pa
iri
ng
rea
cti
on
st
or
ea
l-w
or
ld
str
ess
or
s.
Ha
za
rd
Da
vis
et
al.
(2
01
8)
Tu
rb
ule
nc
e
Be
es,
bu
tte
rfl
ies
Tr
affi
cv
elo
cit
y(
alo
ng
as
ing
le
str
etc
ho
fA
ma
zo
nia
nh
igh
wa
yw
he
re
ve
hic
les
we
re
slo
wi
ng
do
wn
to
an
ew
sp
ee
dl
im
it,
sp
lit
int
ot
hr
ee
sec
tio
ns
:m
ea
nk
m/
h
±
SD
:l
ow
51
±
13
.5,
me
diu
m
67
±
12
.2,
hig
h
76
±
10
.1)
wa
sn
eg
ati
ve
ly
rel
ate
dt
op
oll
ina
tor
(b
ee
an
db
ut
ter
fly
)v
isi
td
ur
ati
on
.V
isi
td
ur
ati
on
wa
sr
ou
gh
ly
on
et
hir
dl
ow
er
in
th
em
ed
ium
ve
loc
ity
sec
tio
na
nd
tw
ot
hir
ds
low
er
in
th
eh
igh
ve
loc
ity
sec
tio
n.
Th
is
wa
sb
ec
au
se
84
%
of
po
llin
ato
rs
sto
pp
ed
for
ag
ing
wh
en
av
eh
icl
ep
as
sed
.T
his
is
pr
ob
ab
ly
du
et
ot
ur
bu
len
ce
,b
ut
oth
er
po
ssi
bil
iti
es
ca
nn
ot
be
ex
clu
de
d.
Ha
za
rd
,E
xp
os
ur
e
Da
rg
as
et
al.
(2
01
6)
(co
nti
nu
ed
on
ne
xt
pa
ge)
B.B. Phillips, et al. Biological Conservation 250 (2020) 108687
8
Ta
bl
e2
(co
nti
nu
ed
)
Ro
ad
po
llu
tio
n
Po
llin
ato
rt
ax
a
Im
pa
ct
on
po
llin
ato
rs
As
ses
sed
ha
za
rd
or
ex
po
su
re?
Re
fer
en
ce
Ai
r
Al
l
Ai
rp
oll
ut
ion
fro
m
tra
ffi
cc
an
aff
ec
tp
oll
ina
tor
be
ha
vio
ur
an
dp
erc
ep
tio
no
fp
lan
to
do
ur
s.
Ha
za
rd
Re
vie
we
di
nJ
ür
ge
ns
an
dB
isc
ho
ff
(2
01
7)
Ho
ne
yb
ee
sA
pis
me
llif
era
Fo
ur
lab
or
ato
ry
stu
die
sf
ou
nd
th
at
ex
ha
us
tf
um
es
ca
na
ffe
ct
flo
ral
vo
lat
ile
sa
nd
th
es
ub
seq
ue
nt
ab
ili
ty
of
ho
ne
yb
ee
st
o
rec
og
nis
ep
rev
iou
sly
lea
rn
tfl
or
al
od
ou
rs
(u
sin
gp
ro
bo
sci
se
xte
ns
ion
refl
ex
).
Th
efi
rst
th
ree
stu
die
su
sed
hig
h
co
nc
en
tra
tio
ns
of
die
sel
ex
ha
us
tf
um
es,
e.g
.1
7.5
pp
m
NO
2
(1
75
tim
es
EU
am
bie
nt
air
qu
ali
ty
sta
nd
ard
s),
wh
ils
tt
he
fou
rth
stu
dy
us
ed
co
nc
en
tra
tio
ns
th
at
we
re
ma
gn
itu
de
sl
ow
er
(m
ea
nc
on
ce
nt
rat
ion
s2
46
pp
m
CO
,2
1p
pb
NO
,2
1p
pb
NO
2;
rep
or
ted
as
be
ing
rea
lis
tic
for
ur
ba
na
rea
sa
nd
ro
ad
sid
es)
.
Ha
za
rd
•D
ies
el
ex
ha
us
tf
um
es
de
gr
ad
ed
th
ree
of
eig
ht
co
mm
on
flo
ral
vo
lat
ile
s;
th
ea
bs
en
ce
of
tw
oo
ft
he
se
sig
nifi
ca
nt
ly
red
uc
ed
de
tec
tab
ili
ty
by
ho
ne
yb
ee
sb
ya
pp
ro
xim
ate
ly
ha
lf.
Gi
rli
ng
et
al.
(2
01
3)
•F
ou
ro
fe
igh
tfl
or
al
vo
lat
ile
sf
ro
m
afl
ow
eri
ng
cro
pw
ere
rap
idl
yd
eg
rad
ed
(tw
om
ad
eu
nd
ete
cta
ble
)b
ye
xp
os
ur
et
o
die
sel
ex
ha
us
tf
um
es
(p
rim
ari
ly
du
et
oN
Ox
);
of
th
et
wo
co
mp
ou
nd
sm
ad
eu
nd
ete
cta
ble
,r
em
ov
al
of
on
er
esu
lte
di
n
on
ly
ab
ou
t2
5%
of
ho
ne
yb
ee
sr
ec
og
nis
ing
th
efl
or
al
od
ou
r,
bu
tr
em
ov
al
of
th
eo
th
er
ha
dl
itt
le
eff
ec
t.
Ho
we
ve
r,
for
low
er
lev
els
of
NO
x(
2p
pm
,0
.2
pp
m)
,t
he
re
wa
so
nly
as
ma
ll
eff
ec
tf
or
on
eo
fe
igh
tfl
or
al
vo
lat
ile
s.
Lu
seb
rin
ke
ta
l.
(2
01
5)
•D
ies
el
ex
po
su
re
red
uc
ed
ho
ne
yb
ee
s'a
bil
ity
to
rec
all
an
od
ou
ra
fte
r7
2h
by
44
%,
bu
td
idn
'ta
ffe
ct
su
rv
iva
l,t
ho
ug
hd
id
red
uc
eh
on
ey
be
es'
ab
ili
ty
to
su
rv
ive
as
ec
on
ds
ub
seq
ue
nt
str
ess
or
(4
3°
C
he
at
str
ess
)b
y5
7%
.
Re
itm
ay
er
et
al.
(2
01
9)
•H
on
ey
be
es
co
uld
dis
tin
gu
ish
be
tw
ee
np
oll
ut
ed
flo
ral
vo
lat
ile
ble
nd
s(
ex
po
sed
to
pe
tro
le
xh
au
st
fum
es)
fro
m
no
n-
po
llu
ted
ble
nd
s,
too
ka
pp
ro
xim
ate
ly
10
–5
0%
lon
ge
rt
ol
ea
rn
po
llu
ted
ble
nd
s(
de
pe
nd
ing
on
th
eb
len
d)
,a
nd
for
go
t
po
llu
ted
ble
nd
sf
as
ter
(ap
pr
ox
im
ate
rec
og
nit
ion
aft
er
48
h:
po
llu
ted
25
–4
5%
,u
np
oll
ut
ed
60
–9
0%
).
Le
on
ard
et
al.
(2
01
9)
Me
tal
Al
l
Six
stu
die
sa
sse
sse
dh
ow
co
nc
en
tra
tio
ns
of
me
tal
si
ni
ns
ec
ts
are
rel
ate
dt
or
oa
ds
(fo
ur
us
ing
ho
ne
yb
ee
sa
sb
ioi
nd
ica
tor
s
of
he
av
ym
eta
lp
oll
ut
ion
),
bu
td
id
no
ta
sse
ss
th
ei
mp
ac
ts
of
th
ese
ele
va
ted
me
tal
co
nc
en
tra
tio
ns
on
po
llin
ato
rs:
Ex
po
su
re
•F
or
ins
ec
ts
(in
clu
din
gp
oll
ina
tor
s)
co
lle
cte
di
na
rab
le
fie
lds
,c
ov
era
ge
an
dl
en
gth
of
pa
ve
dr
oa
ds
(b
ut
no
td
irt
ro
ad
s)
wi
th
in
10
0m
rad
ius
wa
sp
os
iti
ve
ly
co
rre
lat
ed
wi
th
Na
,C
aa
nd
Mn
co
nc
en
tra
tio
ns
in
mo
st
ins
ec
ts,
an
dw
ith
As
co
nc
en
tra
tio
ns
in
Co
leo
pte
ra
(in
cre
as
ing
fro
m
ap
pr
ox
im
ate
ly
0.5
to
1.0
pp
m)
,b
ut
no
tw
ith
K,
Mg
,C
u,
Zn
Fe
,C
d,
Co
or
Pb
co
nc
en
tra
tio
ns
.
Or
łow
sk
ie
ta
l.
(2
01
9)
Ho
ne
yb
ee
sA
pis
me
llif
era
•H
igh
er
lev
els
of
Pb
,C
d
an
dC
rw
ere
fou
nd
in
ho
ne
yb
ee
si
n
ac
ity
ce
nt
re
th
an
in
fou
rr
efe
ren
ce
sit
es.
Co
nt
ia
nd
Bo
tré
(2
00
1)
•H
igh
tra
ffi
cl
ev
els
co
nt
rib
ut
ed
to
gr
ea
ter
lev
els
of
Cd
,C
o,
Mn
,C
u,
Ba
,F
e,
Ni
,a
nd
Sr
in
ho
ne
yb
ee
s.
Za
rić
et
al.
(2
01
6,
20
18
)
•C
on
ce
nt
rat
ion
so
fP
bi
nh
on
ey
be
es,
wa
xa
nd
ho
ne
yw
ere
ex
tre
me
ly
sim
ila
rt
oc
ur
ren
to
rh
ist
or
ica
ll
ev
els
in
th
e
en
vir
on
me
nt
.
Zh
ou
et
al.
(2
01
8)
Pa
pe
rw
as
ps
Po
list
es
do
mi
nu
lus
•T
raffi
cd
en
sit
yw
as
dir
ec
tly
co
rre
lat
ed
wi
th
Pb
co
nc
en
tra
tio
ns
in
lar
va
lf
ae
ca
lm
as
ses
.
Ur
bin
ie
ta
l.
(2
00
6)
Bu
tte
rfl
ies
Da
na
us
ple
xip
pu
s,
Pie
ris
rap
ae
Tw
os
tu
die
sa
sse
sse
dt
he
im
pa
ct
of
Na
fro
m
ro
ad
de
-ic
ing
sa
lt
on
mo
na
rch
an
dc
ab
ba
ge
wh
ite
bu
tte
rfl
ies
:
•S
ign
ifi
ca
nt
ly
hig
he
rl
ev
els
of
Na
we
re
fou
nd
in
tw
oo
ff
ou
rl
arv
al
ho
stp
lan
ts
in
ro
ad
sid
ed
itc
he
s(
<
5m
fro
m
ro
ad
)
th
an
in
co
nt
ro
ls
ite
s(
>
10
0m
fro
m
ro
ad
):
on
ew
as
sli
gh
tly
hig
he
r(
50
.9
vs
35
.8
pp
m
Na
),
th
eo
th
er
(m
ilk
we
ed
As
cle
pia
ss
yri
ac
a)
wa
ss
ub
sta
nt
ial
ly
hig
he
r(
20
65
vs
62
pp
m
Na
).
Mo
na
rch
sr
ea
red
on
ro
ad
sid
em
ilk
we
ed
s(
76
4p
pm
Na
;c
on
tro
l:4
7.5
pp
m
Na
)h
ad
six
tim
es
mo
re
Na
in
th
eir
ab
do
me
ns
(6
36
.6
vs
12
9.7
pp
m
Na
)a
nd
sig
nifi
ca
nt
ly
low
er
su
rv
iva
l(
40
.5%
vs
58
.2%
),
an
dc
ab
ba
ge
wh
ite
sf
ed
on
an
art
ifi
cia
ld
iet
th
at
va
rie
di
nN
a(
~4
00
,3
00
0,
an
d6
00
0p
pm
Na
)h
ad
sig
nifi
ca
nt
ly
low
er
su
rv
iva
lo
nt
he
hig
h-N
ad
iet
(h
igh
:1
0.9
%;
me
diu
m:
34
.3%
;l
ow
:4
1.7
%)
.
Ha
za
rd
Sn
ell
-R
oo
de
ta
l.
(2
01
4)
•N
op
ref
ere
nc
ef
or
bu
tte
rfl
ies
lay
ing
eg
gs
on
Na
-en
ric
he
dp
lan
ts
(N
ap
pm
in
pla
nt
tis
su
es:
co
nt
ro
l8
3,
low
22
77
,
me
diu
m
48
57
,h
igh
48
61
),
th
ou
gh
mo
na
rch
ca
ter
pil
lar
ss
om
ew
ha
ta
vo
ide
dt
he
pla
nt
sh
igh
est
in
Na
,b
ut
th
is
is
un
lik
ely
to
co
mp
en
sa
te
for
th
ef
ail
ur
eo
fo
vip
os
iti
ng
fem
ale
st
oa
vo
id
tox
ic
hig
h-N
ap
lan
ts.
Ex
po
su
re
Mi
tch
ell
et
al.
(2
01
9)
B.B. Phillips, et al. Biological Conservation 250 (2020) 108687
9
Table 3
A summary of current knowledge about pollinators and road verges, from the literature review (Appendix A). Confidence was based on the quantity, quality and
consensus of evidence using a four-box model for the qualitative communication of certainty (IPBES, 2019). The definitions for categories are: (i) well established:
comprehensive meta-analysis or other synthesis, or multiple independent studies that agree, (ii) established but incomplete: general agreement although only a
limited number of studies exist but no comprehensive synthesis, and/or the studies that exist imprecisely address the question, (iii) unresolved: multiple independent
studies exist but conclusions do not agree, and (iv) inconclusive: existing as or based on a suggestion or speculation, no or limited evidence (IPBES, 2019). A copy of
the table is provided in Appendix D with references to the evidence for each statement.
Topic Conclusion Confidence Limitation(s)
Pollinator communities & resources
in road verges
Road verges are used by pollinators for…
…feeding Well established
…reproduction Established but
incomplete
Studies limited to Lepidoptera
…nesting Established but
incomplete
Four studies
…overwintering Inconclusive A single study of a single site
Road verges contain a similar or greater density and species
richness of pollinators and flowers to…
…agricultural fields Well established
…urban habitats Unresolved A single study
…natural/semi-natural habitats Well established
Road verges are used by pollinators for reproduction, nesting and
overwinter to a similar or greater extent than…
…agricultural fields Inconclusive Three studies, limited to monarch butterflies
…urban habitats Inconclusive No studies
…natural/semi-natural habitats Inconclusive Five studies, mostly on monarch butterflies
Pollinator movement & dispersal Roads are a…
…minor, impermeable barrier to movement for larger pollinator
taxa
Established but
incomplete
Studies mostly limited to Lepidoptera
…major barrier to movement for smaller pollinator taxa Established but
incomplete
Four studies
Road verges are corridors for movement and dispersal for some
pollinator taxa
Inconclusive Five studies, but limited contexts
Roads/road verges are navigational aids for some pollinator taxa Inconclusive A single study on honeybees
Vehicle-pollinator collisions Vehicle-pollinator collisions kill pollinators Well established
The benefits of road verges for pollinators outweigh the negative
impacts of roadkills
Established but
incomplete
Studies limited to Lepidoptera
Road pollution Road pollution negatively affects pollinators in road verges Well established
Pollinators in road verges are negatively affected by…
…light pollution Well established
…noise pollution Inconclusive A single study
…vibrations Inconclusive No studies
…turbulence Inconclusive A single study
…air pollution Established but
incomplete
Studies limited to honeybees
…metal pollution Established but
incomplete
Studies limited to sodium and Lepidoptera
The benefits of road verges for pollinators outweigh the negative
impacts of pollution
Inconclusive Inferred, but no studies
Road verge, road & landscape
characteristics
Road verges with higher quality habitat (e.g. greater plant species
richness, density and species richness of flowers)…
…contain a greater density and species richness of pollinators Well established
…have fewer pollinator road crossings and roadkills Established but
incomplete
Studies mostly on Lepidoptera
Wider road verges contain a greater density and species richness
of pollinators
Established but
incomplete
Studies mostly on Lepidoptera
Roads with greater traffic volumes have…
…lower pollinator density in road verges Unresolved Five studies (four on Lepidoptera) find no
effect
…more pollinator roadkills Established but
incomplete
Three studies, limited to Lepidoptera
The composition of the surrounding landscape affect pollinator
communities and their associated resources in road verges, and
pollinator roadkill
Well established Various effects
(continued on next page)
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concluded that management of verges aimed at restoring natural or
semi-natural vegetation types had positive to neutral effects on insect
biodiversity.
3.5.2. Mowing regimes
Recommendations for mowing frequency vary from 0 to 2 cuts per
year, though optimum management differs among pollinator taxa. Most
studies focus on butterflies, though two studies consider entire polli-
nator communities. An observational study of 19 road verges in the UK
found that mown verges (cut once between May and August, cuttings
not removed) had on average 67% fewer flowers and 61% fewer pol-
linators across the summer than unmown verges (Phillips et al., 2019).
Noordijk et al. (2009) experimentally manipulated mowing frequency
(cuts/year: 0, 1 (early autumn) or 2 (early summer and early autumn))
and removal of cuttings (left in the verge or removed) in a single road
verge (with a species-rich plant community) in the Netherlands. In-
creasing the number of cuts from 0 to 1 cut resulted in 3.5 times greater
flower density and 2 times greater flower species richness, but no sig-
nificant effect on pollinator density, though increasing from 1 to 2 cuts/
year resulted in 3.5 times greater pollinator density. Two cuts per year
combined with removal of cuttings resulted in the greatest flower
density, flower species richness and pollinator density, though removal
of cuttings by itself generally did not result in significant increases.
More generally, systematic reviews have found a greater plant species
richness (which is likely to benefit pollinators) in road verges mowed
once or twice per year with removal of cuttings than in unmown verges
(Jakobsson et al., 2018) and in European meadows where mowing was
delayed from spring to summer (whilst delaying from spring to fall or
from early summer to later in the season had a negative effect; Humbert
et al., 2012), though another review for European semi-natural grass-
lands found relatively little effect of mowing frequency on biodiversity
(Tälle et al., 2018). However, none of these studies account for the
direct mortality of pollinators, eggs and larvae during mowing. No
studies have assessed pollinator mortality during mowing specifically
for road verges, but an experiment in fields of Phacelia tanacetifolia and
fields of Trifolium repens found that honeybees did not avoid ap-
proaching mowing machinery, so many honeybees were killed or in-
jured, though the proportion killed was strongly affected by the type of
mowing machinery (Fluri and Frick, 2002).
Other studies are limited to Lepidoptera but provide evidence that
they benefit from low mowing frequencies, delaying mowing until late
summer and only partially mowing verges. Two large-scale field ex-
periments assessed optimum mowing regimes for butterflies. In Florida,
USA, Halbritter et al. (2015) found that mowing every 3 weeks resulted
in 0.5 times lower flower density and 0.25 times lower flower species
richness than mowing every 6 weeks or not mowing, but little differ-
ence in butterfly density (though the unmown treatment yielded the
greatest number of butterflies from August onwards). In southern Fin-
land, Valtonen et al. (2006b) found that partially-mown verges (where
a substantial part of the verge always remained unmown) had double
the butterfly density, 1.3 times greater butterfly species richness and
1.6 times greater diurnal moth species richness than early-summer
mown verges; whilst late-summer mown verges showed intermediate
results. Similarly, two further studies in southern Finland observed
greater butterfly densities in road verges that are unmown, or otherwise
mown in late summer (Valtonen and Saarinen, 2005) or mown no more
than once or twice per year (Saarinen et al., 2005), and others have
observed that verge mowing is followed by declines in butterfly den-
sities (Haaland, 2015; Munguira and Thomas, 1992).
Studies focusing on single pollinator species can provide contra-
dictory management recommendations. Field experiments exploring
mowing regimes for monarch butterflies found that mowing spurred a
regrowth of milkweed, which increased egg laying and extended the
monarch breeding season compared to unmown controls, and that
Table 3 (continued)
Topic Conclusion Confidence Limitation(s)
Road verge management Road verges can be enhanced for pollinators through strategic
management
Well established
Road verge mowing directly kills pollinators, eggs and larvae Inconclusive No studies
Road verge mowing regime affects…
…flower density and species richness Well established
…the availability and suitability of larval hostplants Established but
incomplete
Studies limited to monarch butterflies
…pollinator density and species richness Well established
…use of road verges for pollinator movement and dispersal Inconclusive No studies
…pollinator road crossing Inconclusive Inferred, but no studies
…pollinator roadkill Established but
incomplete
Inferred, but two studies on Lepidoptera
Pollinator communities in road verges benefit from…
…creating high quality habitats on new road verges Well established
…controlling/removing invasive, non-native plant species Established but
incomplete
Three studies, but limited contexts
…reducing mowing frequency to 0–2 cuts/year Established but
incomplete
Inferred, but a single study
…avoiding mowing during summer Unresolved Disagreement between studies
…removing cuttings Inconclusive A single study
…leaving some areas unmown Established, but
incomplete
Inferred, but a single study
…using mosaic mowing/management Inconclusive Inferred, but a single study
…creating habitat diversity across the road network Inconclusive Inferred, but no studies
…identifying pollinator roadkill hotspots and applying reduction
measures
Inconclusive Inferred, but no studies
…reducing impacts of street lighting Well established
…prioritising enhancement of road verges with the greatest
capacity to benefit pollinators
Inconclusive Inferred, but no studies
Monarch butterflies benefit from mowing road verges around
mid-July
Well established
Overall The benefits of road verges as habitats and corridors for
pollinators outweigh the costs of vehicle-pollinator collisions and
pollution.
Established but
incomplete
Large-scale modelling studies are needed to
collectively assess the benefits and costs
B.B. Phillips, et al. Biological Conservation 250 (2020) 108687
11
mowing around mid-July was best, whilst mowing in August was too
late for milkweeds to recover (Fischer et al., 2015; Knight et al., 2019).
By contrast, a study of large blue butterflies Phengaris spp. (specialist
brood parasites of ants that rely on a single hostplant species) found
that mowing between mid-June and mid-September destroyed the lo-
cations with both host ants and flowering hostplants, whilst no mowing
was also detrimental, and that some Phengaris spp. benefited most from
early mowing but others from late mowing (Wynhoff et al., 2011).
These studies demonstrate that bespoke management is needed when
targeting a specific pollinator species of conservation concern.
3.5.3. Management to reduce vehicle-pollinator collisions
Studies suggest that improving the quality of road verge habitats
can reduce butterfly road crossing (Polic et al., 2014; Ries et al., 2001)
and roadkills (Skórka et al., 2013, 2015), though research is absent for
other pollinator taxa. For example, Skórka et al. (2013) found that
butterfly roadkills increased with the amount of verge mowing and that
relative roadkills (roadkills as a proportion of the butterflies observed in
the road verge) decreased with increasing plant species richness in the
adjacent road verge. Ries et al. (2001) found that a much lower pro-
portion of butterflies in higher quality prairie verges crossed roads
(23%) than butterflies in grassy (low forb cover) verges (49%), which
resulted in half as many relative roadkills. Two studies found no such
effects (Halbritter et al., 2015; Valtonen and Saarinen, 2005), whilst
one study found the opposite, but focused on a single rare butterfly
species (Speyeria zerene hippolyta) along a single road (Zielin et al.,
2016). Various other methods might be used to reduce pollinator
roadkills (e.g. traffic speed restrictions) but have not been studied,
though Zielin et al. (2016) found that 3 m high nets arranged parallel to
the road were ineffective at increasing butterfly flight height over
roads.
3.6. Q6) How do road verge, road and landscape characteristics affect
pollinators in road verges?
Beyond management, other factors affect how good individual road
verges are for pollinators, and their relative importance within the
wider landscape, namely the characteristics of the road verge (e.g.
verge width, aspect), the road (e.g. width, traffic volume) and the
landscape (e.g. adjacent land-use). The effects of these road verge, road
and landscape characteristics on pollinators in road verges are syn-
thesised in Appendix C, summarised here, and must all be considered to
optimise large-scale management of road verges for pollinators (e.g.
where to prioritise enhancements). The most important factors are as
follows. (i) Road verge habitat quality: higher quality road verge ha-
bitats support richer pollinator communities; specifically, the density of
flowers and larval plants, and the species richness of flowers and plants
often positively relate to pollinator density and species richness (e.g.
Fig. 3. Management recommendations for enhancing road verges for pollinators, based on the findings of the literature review.
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Hopwood, 2008; Phillips et al., 2019; Ries et al., 2001), and some
studies on butterflies show that higher quality road verge habitats can
reduce road crossing and roadkills (e.g. Ries et al., 2001; Skórka et al.,
2013, 2015). (ii) Road verge width: wider road verges, which provide
greater total habitat area and areas at greater distance from the road,
often contain greater Lepidoptera density and species richness (e.g.
Munguira and Thomas, 1992; Skórka et al., 2013). (iii) Traffic volume:
some studies report fewer pollinators along roads with greater traffic
volumes (Martin et al., 2018; Phillips et al., 2019), and traffic volume
increases butterfly roadkills (Skórka et al., 2013, 2015, 2018). (iv)
Surrounding landscape: road verges that are near higher quality polli-
nator habitats (e.g. semi-natural grasslands) often have more pollina-
tors (e.g. Flick et al., 2012; Öckinger and Smith, 2007) and subse-
quently more pollinator roadkills (e.g. Keilsohn et al., 2018; Skórka
et al., 2015), though pollinators are probably more dependent on road
verges in landscapes with few high-quality habitats (e.g. intensive
agricultural landscapes) (Phillips et al., 2019).
4. Synthesis & agenda for future research
Road verges have considerable potential to be used for pollinator
conservation, given the significant areas that they collectively cover
(e.g. an estimated 1% of UK land). Growing societal interest in mana-
ging road verges for nature (especially pollinators) has provided an
immediate need for evidence to inform management. This literature
review has assessed the potential benefits of road verges for pollinators
(as habitats and corridors), the potential negative impacts of roads
(pollution and vehicle-pollinator collisions), and the impacts of road
verge management. Based on the literature review, we provide a list of
conclusions about pollinators and road verges, and information about
the confidence and limitations of support for each conclusion (Table 3).
Overall, the literature review demonstrated that: (i) road verges are
often hotspots of flowers and pollinators (well established), (ii) traffic
and road pollution can cause mortality and other negative impacts on
pollinators (well established), but available evidence suggests that the
benefits of road verges to pollinators far outweigh the costs (established
but incomplete), and (iii) road verges can be enhanced for pollinators
through strategic management (well established). During the review, we
have identified key research gaps. In general, there is a scarcity of re-
search outside of Europe and North America, and on non-grassland road
verge habitats, entire pollinator communities and pollinator taxa other
than butterflies. Specifically, we propose seven priority questions for
future research:
1. To what extent do pollinators use road verges for reproduction,
nesting and overwintering, relative to other habitats?
2. To what extent do pollinators use road verges as corridors for
movement and dispersal?
3. What is the combined impact of the diverse forms of road pollution
on pollinators?
4. To what extent does mowing directly kill pollinators, eggs and
larvae?
5. What are the population-level impacts of vehicle-pollinator colli-
sions, pollution and different road verge management options?
6. Do road verges ever constitute an ecological trap for pollinators, and
if so, under what circumstances?
7. What management strategies can be used to reduce pollinator
roadkill and impacts of road pollution?
Furthermore, our approach provides a framework (Fig. 1) from
which future research can explore and address issues relating to using
road verges for nature conservation for other taxa.
5. Management recommendations
Finally, we consider what might be done to enhance road verges forTa
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pollinators. The characteristics of road verges (e.g. verge width), roads
(e.g. traffic volumes) and the surrounding landscape (e.g. availability of
semi-natural habitats) affect the capacity and importance of road verges
for supporting pollinators. Therefore, management needs to consider
both management of road verges per se (e.g. optimised mowing re-
gimes), as well as strategic management of the road verge network as a
whole (e.g. creating habitat diversity across the whole road network,
and prioritising enhancement of road verges with the greatest capacity
to benefit pollinators based on the type of road verge, road and com-
position of the surrounding landscape). We provide a general set of
management recommendations in Fig. 3, incorporating the full range of
topics that have been covered in the review, alongside practical con-
siderations such as safety, costs and implementation of road verge
management for pollinators in Table 4, as these will ultimately affect
the acceptability and uptake of recommendations. Here, we describe
three illustrative examples of management recommendations that are
most strongly supported by the literature review.
First, management should aim to create high quality habitats on
new and existing road verges by following best management practices,
for example creating species-rich grassland by ensuring low soil fertility
(e.g. removing/not adding topsoil) and sowing local provenance wild-
flower seed. This can increase pollinator density and species richness
(well established) and reduce butterfly road crossing and roadkill (well
established) (Table 4). From a practical perspective, nutrient-poor ha-
bitats may require less mowing to maintain safe vegetation height, but a
greater cover of bare ground may affect aesthetics and soil stability.
Second, management of frequently mown areas should be reduced
where possible to 0–2 cuts per year to allow wildflowers and larval
foodplants to grow and to reduce the risk of direct mortality of polli-
nators and their eggs and larvae. Doing so can increase pollinator
density and species richness (established but incomplete) (Table 4).
Whilst this may be socially contentious in urban areas due to aesthetics,
management should aim to reduce mowing frequency as far as possible
and to improve acceptability of reduced mowing, for example by reg-
ularly mowing verge edges for tidiness and communicating the en-
vironmental benefits to the public. Third, impacts of street lighting
should be reduced where possible by removing fixtures, reducing
durations that fixtures are active, or otherwise by using the least
harmful lighting technologies. This will reduce attraction of nocturnal
pollinators and associated predation and impacts on pollinator com-
munities (well established) (Table 4), but needs to be balanced against
safety concerns, especially in residential areas, as well as costs asso-
ciated with changing street lighting technologies; though energy sav-
ings and reduced usage might result in long-term cost-savings.
Overall, management recommendations for pollinators need to be
balanced against requirements of other taxa (e.g. for important species-
rich plant communities, it may not be desirable to leave areas uncut;
Jakobsson et al., 2018). Furthermore, bespoke management is re-
commended for road verges of particular conservation interest, based
around specific habitat requirements (e.g. phenology and hostplants of
the pollinator species). Finally, a strong environmental, social and fi-
nancial case for investment in enhancing road verges for nature could
be made by taking into consideration the benefits that people derive
from pollinators and other forms of nature in road verges (Phillips et al.,
2020) and by leveraging public support for the conservation of char-
ismatic pollinator species (e.g. bees and butterflies).
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.biocon.2020.108687.
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